INTRODUCTION
The partial-thiol character of the sulfur atom of phosphorothioate nucleotides has been employed to form conjugates with various reporter groups. For example, Goody and Eckstein have shown that 5'-nucleoside thiophosphates react with 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman's reagent) to form mixed disulfides (1) . Cosstick et al. showed the reaction of 3'-phosphorothioate tRNA and oligodeoxynucleotide with monobromobimane, a bromoacetyl derivative (2) . Hodges et al. have shown that internucleotide phosphorothioate diesters form fluorescent adducts of monobromobimane (3) . Fidanza and McLaughlin introduced a fluorophore, a spin label and a drug analogue at sites in DNA containing internucleotide phosphorothioate diesters (4). Agrawal and Zamecnik conjugated oligonucleotides to multiple reporter groups, one of which was monobromobimane attached through the internucleotide phosphorothioate diester moiety (5) . It has been cited, as unpublished results, by Horn and Urdea that 5'-phosphorothioate oligonucleotides react with maleimidocontaining reagents (6) .
We previously have reported the formation of fluorescent pyrene maleimide adducts of various phosphorothioate nucleotides and have shown that a nucleoside diphosphate beta-S can form conjugates of maleimide-modified protein (7, 8) . We now extend these findings to demonstrate that the gamma-S of a nucleoside thiotriphosphate and a phosphorothioate internucleotide diester each react with the fluorescent reporter molecule, N-1 pyrene maleimide, and form conjugates of maleimide-modified protein. Maleimide-mediated protein conjugates of phosphorothioate nucleotides have significant potential for ligand-targeted delivery of nucleotide Pharmaceuticals.
MATERIALS AND METHODS
N-1 pyrene maleimide (PM), adenosine triphosphate gamma-S (ATPS), adenosine triphosphate (ATP) and thymidyl-thymidine (TPOT) were purchased from Sigma Chemical Company. Thymidyl-PS-thymidine (TPST), deoxyadenylyl-PS-deoxyadenylyl-PS-deoxyadenosine (dA3(PS)2) and deoxyadenylyl-POdeoxyadenylyl-PO-deoxyadenosine (dA3(PO)2) were customsynthesized by Research Genetics (Huntsville, AL). 2-mercaptoethanol (2-ME) was purchased from EM Science (Gibbstown, NJ). Maleimide-modified bovine serum albumin (BSA-MAL, 15 maleimides/BSA) was purchased from Pierce Chemical Co. (Rockford, IL). PM (0.02 mM), a fluorescent probe for thiols (9) , was reacted with 2 mM solutions of ATPS, TPST, 2-ME, ATP and TPOT in 0.1 M sodium phosphate buffer (pH 7.0) with 1% acetone, at ambient temperature in the dark. 2-ME was used as an authentic thiol reference standard. ATP and TPOT served as controls for the phosphorothioate nucleotides. After 24 h reaction, fluorescence emission spectra of the samples were recorded from 350 to 450 nm, * To whom correspondence should be addressed at: 300 Hanover Street, Fall River, MA 02720, USA upon excitation at 330 nm. The ATPS and TPST reaction mixtures with PM were each analyzed by thin layer chromatography on silica gel (Sigma Chemical Co.) with serial runs in dichloromethane and in methanol. Excitation of the chromatograms with a long-wavelength UV lamp showed, in each case, only one reaction product that emitted blue fluorescence. Control lanes of unreacted PM and unreacted nucleotides did not fluoresce. The Rf of the ATPS-PM reaction product was 0.00 in dichloromethane and 0.75 in methanol. The Rf of the TPST-PM reaction product was 0.05 in dichloromethane and 0.80 in methanol.
ATPS (0.01 M) was reacted with BSA-MAL (0.07 mM) for 16 h at room temperature, at pH 7.0 in 0.1 M sodium phosphate buffer. The control for the ATPS reaction with BSA-MAL was an analogously prepared solution of ATP and BSA-MAL. Following the reaction, both the experimental and control samples were dialyzed exhaustively, diluted appropriately and absorbance of the diluted solutions was measured from 250 to 350 nm with a recording spectrophotometer. Absorbance spectra of the BSAsuccinimide adduct of ATPS (BSA-SUC-ATPS) and the control solution were normalized at 283 nm and a difference spectrum was obtained by subtracting the normalized spectrum of the control from the normalized spectrum of the BSA-SUC-ATPS conjugate.
A protein conjugate of the phosphorothioate trinucleotide dA3(PS)2 was prepared by reacting dA3(PS)2 (0.02 M) with BSA-MAL (0.14 mM) for 40 h at room temperature, at pH 7.0 in 0.1 M sodium phosphate buffer. Control for the BSA-MAL reaction with dA3(PS)2 reaction was an analogously prepared solution of BSA-MAL and dA3(PO)2. Both the experimental and control samples were dialyzed exhaustively, diluted appropriately and the absorbance of the diluted solutions was measured from 250 to 350 nm with a recording spectrophotometer. Absorbance spectra of the BSA-succinimide adduct of dA3(PS)2 (BSA-SUCdA3(PS)2) and the control solution were normalized at 283 nm. A difference spectrum was obtained by subtracting the normalized spectrum of the control from the normalized spectrum of the BSA-SUC-dA3(PS)2 conjugate.
The degree of hydrolysis of the BSA-SUC-dA3(PS)2 conjugate was assessed at basic pH. Aliquots of the BSA-SUCdA3(PS)2 conjugate and control solution were exposed to pH 8.4 and pH 10.4 for 24 h. The aliquots were then dialyzed to remove deconjugated nucleotide and to re-adjust the pH to 7.0. Absorbance spectra were obtained and difference spectra were obtained as described above. 
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RESULTS
The fluorescence emission spectra of the solutions of N-1 pyrene maleimide (PM) and either adenosine triphosphate gamma-S (ATPS) or thymidyl-PS-thymidine (TPST) are shown in Figures  1 and 2 , respectively, along with the spectrum of the 2-ME adduct as an authentic thiol reference standard. The background fluorescence of hydrolyzed and unreacted PM was subtracted from the emission spectra. In all cases, the 0-0 and 0-1 bands are characteristic of thiol adducts of PM (9) . The native non-phosphorothioate nucleotides, adenosine triphosphate (ATP) and thymidyl-thymidine (TPOT), did not yield fluorescent solutions withPM.
The absorbance spectra of bovine serum albumin (BSA) succinimidyl conjugates of adenosine triphosphate gamma-S (BSA-SUC-ATPS) and of deoxyadenylyl-PS-deoxyadenylyl- Figure 2 . Fluorescence emission spectrum of the reaction mixture of phosphorothioate thyrrndyl-PS-thymidine (TPST) and N-1 (pyrene) maleimide (PM). The fluorescence spectra of the PM adduct of 2-mercaptoethanol (2-ME) and of a mixture of PM and thymidyl-thymidine (TPOT) are given as reference standard and control, respectively. Background fluorescence of PM was subtracted See Figure 1 for other details. Figures  3 and 4 , respectively, along with spectra obtained with corresponding non-phosphorothioate control nucleotides. The difference spectra show the formation of protein-nucleotide conjugates of both types of phosphorothioate nucleotides studied, with absorbance maxima near 260 nm. The degree of conjugation was 1. for 24 h led to 27% hydrolysis of the conjugate; exposure to pH 10.4 for 24 h produced 73% hydrolysis (Fig. 5) .
PS-deoxyadenosine (BSA-SUC-dA3(PS)2) are given in
DISCUSSION
In this paper, we demonstrate the reaction of pyrene maleimide with ATPS and with TPST. The fluorescence intensity obtained with ATPS ( Fig. 1) was greater than that obtained with equimolar TPST (Fig. 2) . Considered alone, this difference in fluorescence intensity may be representative of differences in quantum yield or extent of conjugation. The reaction of ATPS and of TPST with maleimide (Figs 1 and 2) provided a basis for the formation of protein-nucleotide conjugates (Figs 3 and 4) . The greater degree of conjugation of BSA with ATPS (1.69 nt/BSA molecule) compared with that for dA3(PS)2 (0.44 nt/BSA molecule) agreed with the greater fluorescence of the PM reaction with the nucleoside triphosphate gamma-S as compared with the internucleotide phosphorothioate diester. Since the absorbance difference spectra shown in Figures  3 and 4 are a direct measure of the extent of conjugation, the concordance between the fluorescence and absorbance data, considered together, suggests that the observed differences in fluorescence intensity (Figs 1 and 2 ) are representative of differences in extent of conjugation.
The lower reactivity of the internucleotide phosphorothioate diester as compared with the nucleoside triphosphate gamma-S towards maleimide may be accounted for by: (i) a lower pK a for the conjugate acid of the internucleotide phosphorothioate diester than for the conjugate acid of the nucleoside thiotriphosphate; nucleophilic reactivity decreases with decreasing pK a of the conjugate acid of the nucleophile (10), and (ii) greater steric requirements of the internucleotide phosphorothioate diester compared to the nucleoside thiotriphosphate. Although the bond order of the P-S bond in the internucleotide phosphorothioate diester has not yet been studied, the bond order of 5'-phosphorothioate nucleotides has been intensively studied by Sammons and Frey who suggest that a P-S bond of a higher order is associated with a lower charge localization on the sulfur of the phosphorothioate moiety (11) . A lower charge localization on the phosphorothioate sulfur would decrease the nucleophilic thiol-like reactivity of the phosphorothioate towards maleimide. Therefore, bond order may also be a contributing factor in the relative reactivities of phosphorothioates towards maleimides.
A preliminary study of the reaction of PM with TPST and with cytidine triphosphate alpha-S has shown that the TPST solution yielded more fluoresence with PM than did the solution of cytidine triphosphate alpha-S (7). Thus, phosphorothioate nucleotides vary in their reactivity towards the maleimide moiety.
Protein conjugates of the phosphorothioate trinucleotide, dA3(PS)2, were cleaved by base-mediated hydrolysis (Fig. 5) . Base-mediated hydolysis of the internucleotide phosphorothioate triester probably occurs at the P-S bond (4, (12) (13) (14) . Nucleophiles such as the hydroxide anion can attack the uncharged hard phosphate center of the phosphorothioate triester (14, 15) .
It has been reported that various phosphorothioate compounds, including ATPS, form disulfides (1, (16) (17) (18) . We have found that the intemucleotide phosphorothioate diester, TPST, forms mixed disulfides with 5,5'-dithiobis(2-nitrobenzoic acid) (Eltman's reagent) (unpublished results). If a phosphorothioate nucleotide reacts with PM, then it should be possible to prepare protein conjugates of that nucleotide through bifunctional thiol-reactive cross-linkers in addition to one based upon maleimide. The haloacetyl SIAB (19) and the disulfide SPDP (20) are examples of bifuctional cross-linkers, in addition to bifunctional maleimides, that may be used to prepare protein conjugates of phosphorothioate nucleotides. The data presented here show the maleimide-mediated formation of protein-nucleotide conjugates of a nucleoside triphosphate gamma-S and of an internucleotide phosphorothioate diester.
